Introduction
Through the years, society has reaped many benefits from the chemical process industries. Imagine how different transportation would be without today's lubricants and fuels. Imagine the difficulties we would face trying to feed and care for the seven billion people on Earth without advances in farming, medical treatment and basic materials. Our lives have been positively impacted by the creativity and effort of many chemical companies throughout the world.
The chemical process industries have an excellent track record for safety. According to the Bureau of Labor Statistics, there were two injuries requiring medical treatment beyond first aid per 100 workers in chemicals manufacturing in 2013. This compares to a rate of 4.0 injuries per 100 workers for all manufacturing, and a rate of 3.5 injuries per 100 workers for all of the private sector. 1 There were an average of 1.4 fatalities in chemical manufacturing per 100,000 workers in 2013, compared to 2.0 for all manufacturing and a rate of 3.2 overall. 2 Chemical companies clearly place high emphasis on worker safety and health.
As we know, however, the chemical process industries also pose risk. The hazards of chemical processes include toxic material releases, fires and explosions. These hazards have resulted in harm to employees, the environment and in some cases the public in highly publicized events such as Bhopal and Deepwater Horizons. Risks are tolerated when hazards are controlled; when an incident occurs, the risk becomes intolerable. The public reacts negatively to events involving employee deaths, environmental damage or threats to their homes.
Incidents often result in negative publicity and a call for change. For example, a runaway reaction led to an explosion at a company called T2 Laboratories in Jacksonville, FL in December 2007. 3 The blast killed four people. Another thirty two people were injured; fourteen required treatment at a local hospital. In response, the U.S. Chemical Safety and Hazard Investigation Board (CSB) called for improvements in the undergraduate chemical engineering curriculum. Specifically, CSB recommended the American Institute of Chemical Engineers (AIChE): AIChE's Education and Accreditation (E&A) Committee responded to these recommendations. The E&A worked with ABET to update its Chemical Engineering Specific accreditation criteria to include hazard awareness. Beginning in 2010, ABET criteria now states: "The curriculum must provide a thorough grounding in the basic sciences including chemistry, physics, and Page 26.1729.2 biology, with some content at an advanced level, as appropriate to the objectives of the program. The curriculum must include the engineering application of these basic sciences to the design, analysis, and control of chemical, physical, and/or biological processes, including the hazards associated with these processes." (emphasis added). 5 (It should be noted that the ABET Policy and Procedure Manual also requires instructional and learning environments to be safe as part of Student Outcomes and Performance Indicators.
6 )
The Mary K. O'Connor Process Safety Center at Texas A&M University conducted process safety related surveys of ABET accredited Chemical Engineering Programs in 2006 and 2012. 7, 8 The survey focus was to determine the number of programs offering either a core or elective process safety courses or those planning to develop such courses. Surprisingly, in 2012 only about 50% of the respondents (32% of all programs) offered a core or elective course in process safety. An additional 16 % of responding institutions indicated that they planned to develop either a core or elective course in process safety. Results from a more recent survey were presented at the AIChE 2014 Annual Meeting. 9 About one third of responding Chemical Engineering programs indicated that they have a process safety course while about one half of responding programs indicate that process safety coverage is distributed across multiple courses. A majority of respondents indicate that they utilize SACHE Safety Certificates and/or case studies. This paper will discuss the new requirements and suggest strategies for implementing process safety into the undergraduate chemical engineering curriculum. It will provide a review of sources to help chemical engineering programs choose appropriate content and to support instruction. Suggestions for assessing the effectiveness of instruction are included to close the loop for this critically important topic.
What to Teach
As with many engineering programs, a Chemical Engineering Department must first determine what is both necessary and practical to teach. Competence in many different engineering topics is necessary for the graduate to be successful in either an academic or industrial position. It is clearly impractical to provide courses in all. Schools must determine how to implement instruction in chemical process safety while fulfilling all degree requirements.
It is instructive to review the scope of topics within Process Safety before designing an approach to teaching them. Academia can look to industry for guidance on what these topics should include. Process Safety is vitally important to chemical manufacturing companies; it has been essential for industrial practitioners for many decades. Many companies have designed and implemented Process Safety training programs that supplement the education received by a new graduate from a university Chemical Engineering program. In addition to proactive programs that prevent incidents, it is important to learn from past experience. In the words of George Santanaya, a famous Spanish philosopher, "Those who do not remember the past are condemned to repeat it." Company-sponsored, post-graduation training programs are meant to fulfill these needs.
A more formal approach to deciding what process safety topics should be covered is to review the regulatory framework. Companies in the United States involved with storing, handling or manufacturing "highly hazardous chemicals" above a certain threshold are subject to the requirements of 29CFR §1910.119. This regulation is known as the Occupational Safety and Health Administration's Process Safety Management of Highly Hazardous Chemicals ("PSM"). 10 Requirements of the regulation can serve as a framework for understanding what topics should be covered in an undergraduate Chemical Engineering curriculum. The PSM regulation has sixteen sections as outlined in Table 1 . A plan must be in place to address proper response to foreseeable emergencies; employees must be trained in the plan upon initial hire, and after any substantive changes.
Compliance Audits
The PSM program must be evaluated at least once every three years.
Trade Secrets
The employer may maintain the identity of materials used in the process as confidential however their properties must be revealed to employees for purposes of evaluating process hazards.
As an example, process safety information requires the compilation of information pertaining to the chemicals involved in a process. Graduating students are expected to be able to read and comprehend a Safety Data Sheet (SDS). Further, they should understand how to access additional information generally not available on a SDS but important to process safety (e.g., chemical compatibility of elastomers and metals used in the Chemical Process Industries). The graduating student is expected to develop a process flow diagram, complete with material and energy balance -a requirement of process safety information related to the technology of the process. A thorough review of PSM will reveal topics important to process safety that a chemical engineering curriculum should consider for inclusion.
The Safety in Chemical Engineering Education organization (SAChE) recognized many of these technical needs. In February 2010 SAChE published recommendations that would prepare graduating Chemical Engineers for industry. 11 Further, these recommendations serve as guidance for addressing the ABET requirements. The eight recommendations include: Ed., and a new e-textbook Process Safety Management: Interactive, Electronic Learning by Cutshall, Grubbe, and Swanson. 15, 16, 17 The Center for Chemical Process Safety also publishes several relevant sources including 1) Guidelines for Engineering Design for Process Safety, 2nd Edition, 2) Guidelines for Fire Protection in Chemical, Petrochemical, and Hydrocarbon Processing Facilities, and 3) Inherently Safer Chemical Processes: A Life Cycle Approach, 2nd Edition. 18, 19, 20 How to Teach These Topics Process safety topics can be covered in a dedicated course, or introduced in other core chemical engineering courses. Depending on local resources it may be easier for a Chemical Engineering Department to incorporate process safety topics into existing courses. Supplemental resources can also be of great value as discussed below. To address each of the eight recommendations from SAChE, the following ideas are provided on how to integrate into existing courses:

The importance of process safety Page 26.1729.6
The general importance of process safety should be introduced in the first dedicated chemical engineering class. Similar to the principles used in industry, process safety must be considered a value and therefore introduced early and reinforced frequently. An excellent way to begin the discussion is with the AIChE Code of Ethics, which states that, " 

Application of concepts of inherently safer design
Inherently safer design (ISD), sometimes referred to as inherently safer technology, is a concept that can be integrated into the capstone design course. The guiding principles of ISD include elimination, minimization, substitution, moderation, and simplification. While students develop a process design, instructors should present examples of how ISD principles can or should be applied (e.g., eliminating or reducing the size of an intermediate storage tank and its impact on the plant on-stream factor). Alternative designs should be developed and analyzed for capital and operating cost versus risk reduction. Instructors should emphasize that designing a process using ISD initially is much simpler and easier than redesigning an existing facility.

Understanding how to mitigate hazards
Hazard mitigation is another concept that can be discussed in the design course. Concepts may also be introduced in other engineering courses pertinent to the hazard involved. Hazards are inherent in any manufacturing process. Students should identify the hazards present in their design or engineering concept being studied. The basic discussion of hazard mitigation should cover engineering controls, administrative controls and personal protective equipment (PPE). It Page 26.1729.7
is important to stress the hierarchy of controls: engineering controls can prevent or significantly reduce the impact of a release, while administrative controls and PPE only limit exposure to a release. See hazard evaluation and risk assessment below for additional details.

Familiarity with major safety related regulations
This is an important topic that is difficult to naturally integrate into a chemical engineering curriculum. Regulations and legal matters are rarely discussed in science or design courses. One way to present the information is to discuss watershed events that have occurred in the chemical process industry within the appropriate course, and include an overview of a regulation intended to prevent a reoccurrence. Some examples are provided in Table 2 . 
Seveso II Directive
An estimated 25 tons of methyl isocyanate were released from a storage tank at a Union Carbide plant in Bhopal in 1984. Process controls, scrubbers and emergency shutdown systems all failed. Over 2,000 people died within days; several thousand more were adversely impacted by the disaster.
EPA Risk Management Plan
A release of isobutane resulted in a boiling liquid expanding vapor explosion (BLEVE) that killed 23 employees and injured over 300 at a Philips plant in Pasadena, TX in 1989.
OSHA Process Safety Management
Courses in reaction engineering or kinetics could include such a discussion. Courses that support the engineering curriculum such as technical writing and presentation skills, or introductory courses in engineering could also be used to introduce major process safety incidents and regulations.

An understanding of impacts of chemical plant incidents due to releases and exposures
This recommendation has two aspects: chemical exposures that may be routine; and incidents. Chemical exposure concerns and toxicological effects are ideally discussed in laboratories. Students should be made aware of both acute and chronic exposure hazards for the materials they are handling. Presenting the students with Safety Data Sheets and requiring them to study a material's hazards makes it personal, and should result in proficiency. The efficacy of personal protective equipment should be included (e.g., chemical resistance of nitrile gloves). There is a broader aspect as well: does exposure to low levels of certain chemicals cause harm? Courses such as technical writing and presentation skills could be used to introduce epidemiology and the effects of chemicals on people's health. Ideally, a graduating engineer will have an understanding of the risk-reward balance we must strike to be effective. Page 26.1729.8
Incidents and the resulting effects of chemical exposure can be covered while discussing major safety related regulations; see above.
 A proficiency with at least one hazard identification procedure Process hazard identification involves identifying hazards from engineering documents. This concept should be addressed in the design course, as it is very process focused. There are a variety of tools for hazard identification; most incorporate risk assessment as part of the review. The "what-if" and "checklist" methodologies are adequate for providing a basic understanding of how events can lead to toxic material release, fire or explosion. Ideally, a piping and instrumentation diagram (P&ID) and process flow diagram (PFD) of an actual process should be used for the analysis. Material and energy balances should be performed using the PFD to confirm equipment sizing, heat transfer capabilities and utility flows. The P&ID should be reviewed to determine how critical parameters of temperature, pressure, flow and level are controlled in each piece of process equipment. Students need to practice several times to gain proficiency. Practicing engineers are often more familiar with hazard identification than faculty, and are typically very willing to guest lecture.
 A familiarity with hazard evaluation and risk assessment
Hazard evaluation (or identification) and risk assessment (HIRA) is crucial to process safety, making a basic understanding and familiarity important for engineers entering the workforce. In addition to What-if and Checklists, tools such as Hazard and Operability Study, Failure Mode and Effect Analysis (FMEA), Layers of Protection Analysis (LOPA) and Quantitative Risk Analysis (QRA) can be introduced in the design or other engineering courses. For example, FMEA could be discussed in a course on heat transfer while discussing various types of heat exchangers; LOPA could be discussed during in a course on systems engineering or controls; QRA could be discussed during a course on statistics. The design course also represents an opportunity to introduce HIRA tools, since it is the culmination of the chemical engineering curriculum and requires knowledge of all the previous process safety topics.
We should expect that a well-crafted undergraduate chemical engineering program will instill a desire for life-long learning. The graduate will receive training in additional topics appropriate to their particular industry and job function. If a program is able to acculturate students in chemical process safety, graduates are likely to seek additional education in these topics throughout their careers.
Information Sources
A wide variety of information sources are available to support the teaching of Chemical Process Safety. One excellent source is Safety in Chemical Engineering Education (SAChE) which is part of the American Institute of Chemical Engineers (AIChE) Center for Chemical Process Safety (CCPS). CCPS also provides resources to assist with the understanding and evaluation of Page 26.1729.9
process safety, but at a level generally above that of the typical undergraduate student. AIChE provides additional information sources such as the publication Chemical Engineering Progress (CEP) and the AIChE e-learning products. Table 3 provides a brief summary of these sources of information with detailed descriptions following. More than fifty items that can be used to support undergraduate chemical engineering education or practitioners in industry. CCPS 27 Technical presentations from sponsored symposia and process safety related webinars and guidebooks. Linked to AIChE Academy. CEP 28 Over 200 articles and commentaries (since 2001) related to process safety, including Process Safety Beacon (published monthly in several languages; a one page summary intended to raise awareness of a process safety topic for plant operators and mechanics). AIChE e-learning 29 A wide variety of e-learning courses, webinars, and conference presentations related to process safety. Easily searchable.
SAChE: SAChE has many information sources to support Chemical Engineering programs. Two are of particular interest in the university setting. The first is the SAChE Student Safety Certificate Program. 26 The Safety Certificate Program is available to all AIChE student members. Students can access the Safety Certificate Program modules online, study the materials, and complete an assessment designed to test their knowledge of the content. When the assessment has been successfully completed the student receives a certificate for that module. The designated university contact for the SAChE program also receives an end of year report listing the modules that have been completed by their students. There are currently eight SAChE Safety Certificate Program modules covering a variety of topics ranging from introduction to process safety through reactivity hazards to risk assessment and inherently safer design.
The second SAChE product of great use to chemical engineering programs is the SAChE Products archive. 12 These products have been drawn from a variety of sources. While all of the products are available for AIChE student members, department membership in SAChE is required to access the materials for use in the classroom. SAChE has recently reorganized the list of materials to show how they are linked to chemical engineering courses.
SAChE also provides access to other relevant information through their website, http://sache.org/index.asp. These include: These sources may be of use in developing or supporting process safety education. It should be noted that some knowledgeable process safety professionals have criticized CSB videos as lacking technical substance. The videos are intended to provide information on what can happen when a process safety incident occurs. The intended audience is broad, and includes plant operators and mechanics. A more in-depth technical exploration of the underlying causes of the incident can often be found in the associated investigation report. Faculty should consider supplementing these videos with sufficient technical information to ensure engineering design issues are explored.
CCPS: CCPS is a sub organization of AIChE. The main audience of CCPS products and training materials is practicing engineers in the chemical process industries. Introducing students to CCPS is helpful in fostering lifelong learning related to chemical process safety. The CCPS has published many guidelines and other books related to process safety subjects. CCPS organizes process safety conferences annually and provides recordings of presentations through AIChE elearning as described below. An overview of CCPS products can be found at http://www.aiche.org/ccps/resources/overview. E-learning: AIChE provides a variety of e-learning courses and webinars that can be used to supplement process safety instruction. These are available through and AIChE online service known as AIChE Academy http://www.aiche.org/academy (formerly known as ChemE On Demand). 29 Some of these are free to AIChE Student members while others charge a small fee. 28 While many of these are monthly Process Safety Beacons articles, many other items are available that can be used to reinforce process safety concepts.
Some Current Models
Developing a robust and sustainable approach to teaching Chemical Process Safety can be difficult. One major challenge is selecting the right person to lead the effort. Some Chemical Engineering programs are fortunate to have a faculty member who specializes in the area of Chemical Process Safety or a closely related area. Other programs are located in an area with a high concentration of chemical manufacturing or petroleum processing and can employ an Page 26.1729.11
adjunct instructor with significant relevant expertise who wants to impart this knowledge on undergraduate students. Unfortunately, there are many programs that do not have ready access to such expertise.
A second major challenge is that the chemical engineering curriculum is often packed with required courses in the engineering sciences, unit operations, laboratory experiences and capstone design. While one common approach to fulfilling the ABET requirements is to offer a dedicated course in process safety, many programs find it difficult to fit a three credit course into their curriculum. 8 A further disadvantage of a dedicated course for all students is the compartmentalization that comes with a separate course. 30 The concepts of process safety can be covered in context in a variety of courses, as outlined above. Integration of SAChE modules is one possible way to achieve this context. For example, in a Chemical Kinetics and Reactor Design course a SAChE module on runaway reactions should be discussed. When coupled with a unit operations laboratory safety program such as described by Vaughen this can be an effective approach. 31 A dedicated process safety course carrying one or two credits may be another option, or possibly adding a credit to an existing course to incorporate this important content.
It is difficult to determine if any consensus has developed regarding incorporation of chemical process safety into the chemical engineering curriculum. A 2012 process safety related survey of ABET accredited Chemical Engineering programs conducted by the Mary K. O'Connor Process Safety Center at Texas A&M University found that only about 50% of the respondents (32% of all programs) offered a core or elective course in process safety. An additional 16 % of responding institutions indicated that they planned to develop either a core or elective course in process safety. 8 It is impossible to assess the state of compliance with ABET criteria from this study since the survey did not inquire about other ways each program is addressing the teaching of process safety. However, those survey results could indicate poor compliance with the criteria. Results from a more recent survey were presented at the AIChE 2014 Annual Meeting. 9 About one third of responding Chemical Engineering programs indicated that they have a one, two, or three credit process safety course while about one half of responding programs indicate that process safety coverage is distributed across multiple courses. A majority of respondents indicate that they utilize SACHE Safety Certificates and/or case studies.
The surveys mentioned here focus on the components of a process safety program and it is difficult to get a sense of how institutions are integrating these components. We can look at how some well-known programs (those with recognized chemical process safety faculty) are addressing process safety in their curriculum to gain an understanding of this integration. In a webinar presented February 6, 2013, Kimberly Ogden and Thomas Spicer provided an overview of the ABET requirements and presented details of the approached taken by University of Arizona, University of Arkansas and Northeastern University. 32 The University of Arizona incorporates several of the SAChE modules into disciplinary courses beginning with their Material and Energy Balances course and extending to the senior design courses. All students Page 26.1729.12 are required to complete an online laboratory safety training module before working in the lab, including the completion of a Job Safety Assessment in their upper level lab. Northeastern University has incorporated extensive process safety into their senior design sequence with two courses each carrying four credits. They require students to complete safety reviews before each unit operations experiment. Further, they have a one credit "Safety Issues in Chemical Engineering" course. The University of Arkansas requires a three credit hour chemical process safety course based on the text by Crowl and Louvar. 16 University of New Haven's Model
The Chemical Engineering program in the Tagliatela College of Engineering at University of New Haven takes a multipronged approach to the teaching of process safety. This includes integration of SAChE Modules into most required Chemical Engineering courses, safety activities in the unit operations laboratory, incorporation of safety topics in the Chemical Engineering Design sequence, and the availability of an optional Process Safety course. This approach is in keeping with the programs philosophy that integration of topics is the best approach to support learning of critical concepts and skills. This approach is also consistent with educational psychology principles that learners are better able to incorporate concepts when they are offered in context and at an appropriate level of complexity.
At University of New Haven the approach to Process Safety taken by the Chemical Engineering program mirrors two Tagliatela College of Engineering wide initiatives. One of these initiatives is the integration of technical communication, an initiative to develop written, oral and visual communication skills and professional habits in engineering students. These activities begin in the very first semester and are reinforced and extended through all four years of each program in the college. Senior design becomes the culminating experience in which students demonstrate the skills and habits acquired through experiences in targeted prior courses. Communication products are distributed across courses as appropriate, and the skills are developed at deeper and deeper levels as students progress through the years. One critical and distinctive features of this initiative is that technical communication skills are fully integrated into the content of regular engineering courses. 33 The second initiative is an integrated multidisciplinary curriculum for the first two years of most engineering programs, including the Chemical Engineering program. The Tagliatela College of Engineering believes that this approach produces engineers that are better able to function in a multidisciplinary environment. The integrated curriculum places a great emphasis on the development of professional skills in addition to engineering content. Faculty in the Tagliatela College of Engineering at University of New Haven have presented several papers at ASEE conferences describing the curriculum, including curricular design. 34, 35 The focus on integration of concepts and skills throughout the Chemical Engineering curriculum has been applied to the teaching of chemical process safety as discussed below.
A culture of safety is another important factor in the teaching of chemical process safety. At University of New Haven this begins in the first year of study in the Chemistry laboratory. The Page 26.1729.13
Chemistry program has developed a comprehensive set of safety standards and a robust training program. All laboratory instructors and student assistants undergo training before entering the laboratory with annual refresher training. Every student must complete safety training at the beginning of each semester before being allowed into the laboratory. Coupled with strict enforcement, this develops a culture that laboratory safety is important. This extends to the basic safety practices in the Chemical Engineering unit operations lab. While there is a difference between personal safety in the laboratory and process safety, both are influenced by safety culture and attitude as noted in Process Safety Beacon and quoted here. 36 "Good personal safety performance does not ensure good process safety performance. While there is much in common, such as a good safety culture and attitude, good process safety performance requires a thorough understanding of the specific hazards associated with the chemicals being handled or stored, and the process operations being carried out in a particular plant." 36 It is the place of the Chemical Engineering curriculum to provide the understanding of process operations and process hazards to complement the common attitudes.
The Chemical Engineering program has elected to utilize the SAChE Student Safety Certificate Program as a component of our Process Safety program. The eight current safety modules are linked to required courses in the curriculum as detailed Table 4 . With the AIChE Startup initiative student membership is free and this student membership gives the students access to the SAChE modules. 26 The appropriate SAChE modules are assigned in class and the students complete the modules on their own. Instructors may choose to follow up with in class discussions or testing as well. A report listing the modules that students have completed is available from SAChE. In addition to the Student Safety Certificate Program, SAChE has available more than fifty additional products that can be used to supplement instruction (see complete list of SAChE Products) 12 The culminating experience for chemical engineering students at University of New Haven is a two semester Chemical Engineering Design course sequence. In the first semester all students are given instruction in process safety, inherently safer design, and hazard analysis. The students complete exercises where they develop a process flow sheet and subsequently perform a safety analysis for the process. This allows the instructor to assess the level of understanding of the individual student.
The University of New Haven is one of the schools that has also developed and implemented a specific course related to process safety. Topics include:
 an overview of pertinent environmental and occupational safety & health regulations in the United States;  fundamentals of toxicology and controls (engineering controls, administrative controls, personal protective equipment);  modeling releases;  reactive chemicals;  fires and explosions;  pressure relief;  risk assessment, including Hazard and Operability Study;  Accident/incident investigation; and  Safety Instrumented Systems and Inherently Safer Technologies.
The intent of this 3-credit course is to expose students to a variety of process safety topics. Problem-solving is included in some topics, while other topics are presented in a survey fashion to help manage student work load. The course is open to senior Chemical Engineering students, and has recently become a required elective for students matriculated in the Fire Protection Engineering curriculum.
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Student Outcomes and Performance Indicators
For Chemical Engineering programs, Chemical Process Safety is mandated in two ways in the ABET criteria. First, ABET General Criterion 3, Student Outcome (c) refers to consideration of safety as one "realistic" constraint in design. Second, the ABET program specific criteria for Chemical Engineering specifies that graduating chemical engineering students should know about the hazards associated with typical chemical engineering processes. ABET General Criterion 3, Student Outcomes (f) … professional and ethical responsibility … and (h) … impact of engineering solutions … are also relevant to Chemical Process Safety. From these student outcomes a set of performance indicators need to be developed to measure achievement. Table 5 provides a set of suggested performance indicators that a program can adapt to their needs. These are related to ABET Student Outcomes c, f and h, and to the ABET program specific criteria for Chemical Engineering. 
Chemical kinetics and reactor design
Students can determine the hazards associated with operation of laboratory equipment and propose measures to mitigate (or manage) hazards.
Unit operations laboratory
Conclusion
Producing chemical engineers with the necessary training to design and operate chemical processing facilities in a safe and effective manner is critical to the profession. The chemical process industry will not continue to thrive without maintaining the trust of the general public. There is risk to the entire industry if our graduates do not consider the hazards associated with operations and work to mitigate those hazards. The teaching of process safety concepts is part of the solution to mitigate these risks.
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